Background: Magnetic resonance imaging (MRI) is the standard neuroimaging technique to assess perinatal asphyxiaassociated brain injury in full-term infants. Diffusion-weighted imaging (DWI) is most informative when assessed during the first week after the insult. Objectives: To study the DWI abnormalities of the thalamus and basal ganglia in full-term infants with perinatal asphyxia. Methods: Fifty-five (near) term infants (normothermia n = 23; hypothermia n = 32) with thalamus and/or basal ganglia injury were included. MRI findings were assessed visually and quantitatively calculating apparent diffusion coefficient (ADC) values. Thalamus/ basal ganglia ADC ratios were calculated to analyze the differences between these areas. Infants with an early MRI (days 1-3) or later MRI (days 4-7) were compared. Results: Isolated extensive thalamic injury was seen early, and focal thalamic and basal ganglia injury was seen later. On the early MRI, visual assessment underestimated abnormalities in the basal ganglia (59% abnormal vs. 90% abnormal on quantitative assessment; p = 0.015), suggesting the need for quantitative assessment. In infants treated with hypothermia, the thalamus/basal ganglia ADC ratio was lower. Conclusions: Both visual analysis and quantitative evaluation of cerebral MRI after perinatal asphyxia are needed, especially during the first few days after birth. Timing of ADC changes is influenced by therapeutic hypothermia.
Introduction
Therapeutic hypothermia has become the standard of care for full-term infants with encephalopathy following perinatal asphyxia and has resulted in improved neurodevelopmental outcome in survivors [1] . Perinatal sentinel events are associated with magnetic resonance imaging (MRI)-detected injury in the thalamus, basal ganglia, hippocampus, cerebral peduncles, and perirolandic cortex [2, This article is licensed under the Creative Commons AttributionNonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND) (http://www.karger.com/Services/OpenAccessLicense). Usage and distribution for commercial purposes as well as any distribution of modified material requires written permission.
DOI: 10.1159/000489159 3]. The basal ganglia and thalamus (BGT) pattern of injury is especially associated with motor impairment, while the watershed (WS) pattern of injury, seen after more prolonged and/or repetitive antenatal events, is more often associated with cognitive problems [4] [5] [6] . When using conventional T1-and T2-weighted sequences, the amount of injury may be underestimated during the first week after birth with limited interobserver agreement [7] . Diffusion-weighted imaging (DWI) and apparent diffusion coefficient (ADC) maps allow reliable detection of brain lesions shortly after birth, but may not reach their full extent for several days and will pseudonormalize after the first week after birth [8] [9] [10] . Abnormalities seen on early MRI, including DWI, often precede cystic or gliotic changes seen on a repeat MRI [11, 12] . Barkovich et al. [13] reported the evolution of DWI abnormalities on MRI performed during the first week after birth in full-term infants with perinatal asphyxia showing initial involvement of the thalami, followed by involvement of the basal ganglia as well. This study was, however, performed before the introduction of hypothermia.
In the present study, we addressed the following questions: (1) Is there a difference between visual assessment of the MRI and quantified ADC values? (2) What is the difference in ADC values between the thalamus and basal ganglia at the time of MRI?
Subjects and Methods
For this retrospective observational cohort study, patients with MRI-detected thalamus or basal ganglia injury on visual inspection and/or low ADC values following perinatal asphyxia were selected. All had been admitted to the level III NICU of the Wilhelmina Children's Hospital/University Medical Center in Utrecht between 2002 and 2016. Perinatal asphyxia was defined as described previously [14] . Therapeutic hypothermia was introduced in our NICU in 2008 [15] . Part of the infants in the present study were also described in previous studies [16, 17] . The study group consisted of 55 infants (gestational age ≥36.0 weeks) with perinatal asphyxia, including 2 infants with a postnatal collapse on the first day after birth. Infants with a first MRI beyond 7 days after birth, infants with severe congenital malformations or metabolic disorders, with a postmortem MRI only or with an MRI of a poor quality were excluded. As preterm birth will affect MRI findings, preterm infants with a gestational age below 36 weeks were excluded from the present study [18] . The Institutional Review Board (IRB) of the University Medical Center Utrecht, the Netherlands, gave approval for use of the clinically acquired data for study purposes. Since clinically obtained anonymized data were used, written informed parental consent for participation in the study was waived by our IRB.
MRI Protocol
MRI was performed using a 1.5-T (n = 22) or 3.0-T (n = 33) MR system (Philips Medical Systems, Best, The Netherlands). Vacuum pillows (MedVac, Kohlbrat and Bunz, Radstadt, Austria) were used to prevent infant movement during the examination. Two pairs of earmuffs were applied for hearing protection (Minimuffs, Natus Medical Inc., San Carlos, CA, USA; Em's 4 kids LLC, Culver City, CA, USA). Patients who did not receive intravenous morphine were sedated with either chloral hydrate (50 mg/kg orally) or an intramuscular injection of a combination of pethidine (2 mg/ kg), chlorpromazine (0.5 mg/kg), and promethazine (0.5 mg/kg). Heart rate, respiratory rate, and transcutaneous oxygen saturation were monitored during examinations with an abdominal transducer (Philips Medical Systems) and a pulse oximeter (Nonin Medical Inc., Plymouth, MN, USA). A neonatologist or physician assistant was present throughout the examination and transport. MR images included T1-or T2-weighted sagittal sequence, T1-and T2-weighted axial sequences, and axial DWI (3 directions) with 3-to 4-mm-thick slice thickness, and b values of 0 and 800 (3T, until October 2013) or 1,000 s/mm 2 (1.5 T, and 3.0 T after October 2013). An ADC map was generated by the Philips MR system. Details are presented in the online supplementary Appendix (see www.karger.com/doi/10.1159/000489159 for all online suppl. material).
Visual MRI Assessment
At the time of MRI assessment, the readers (F.G. and L.S.V.) were blinded to the clinical information. The pattern of injury was also based on the T1, T2, DWI or ADC abnormalities. The presence of signal intensity abnormalities was assessed in the thalami, basal ganglia (globus pallidus, putamen, and caudate nucleus), posterior limb of internal capsule (PLIC), cerebral peduncle, hippocampus, and central sulcus (Fig. 1 ). Lesions were scored as focal or extensive and unilateral or bilateral. Consensus was reached in all cases. MRIs were scored as (1) predominant BGT pattern, (2) WS pattern, and (3) near-total (NT) pattern [4] . Time at MRI was measured in hours after birth. In the 2 infants with postnatal collapse, time of MRI was calculated between the postnatal collapse and time of the MRI. The infants were divided into two groups: the early MRI group (days 1-3) and the later MRI group (days 4-7), and the groups were compared.
Quantitative MRI Assessment
Following visual analysis, ADC values were calculated in the BGT, including the ventrolateral thalamus, as described previously [10] . Measurements were performed by one author (K.I.) who was blinded to the clinical information. The values were measured twice for each site and the mean value was calculated. The first 10 infants were measured twice in order to calculate the intrarater agreement which is used for continuous variables. This was more than 0.95. The mean ADC values of both sides were averaged for further analysis. For quantitative assessment, we used cutoff values of BGT, reported previously [10, 17] . For the basal ganglia, 974 and 1,031 × 10 -6 mm 2 /s were used as cutoff values for hypothermia and normothermia, respectively, and for the thalami, 871 and 919 × 10 -6 mm 2 /s for hypothermia and normothermia, respectively. Finally, we calculated the thalamus/ basal ganglia ratio of the ADC values to investigate the association between these areas.
Clinical Data and Outcome
Clinical data are presented in Table 1 . The severity of encephalopathy was graded as mild, moderate or severe based on the Sarnat classification. Neurodevelopmental outcome was assessed at regu- lar intervals up to 24 months of age by a neonatologist and a special educator using the Griffith Mental Development Scales (GMDS) or Bayley Scales of Infant and Toddler Development (BSID), third edition, as described previously [10, 17] . An adverse outcome was defined as death during the neonatal period, cerebral palsy (CP), severe hearing or visual impairment, or a GMDS or BSID-III score of less than -1 SD at 18-24 months. Results of the most recent test were used for outcome assessment.
Statistics Analysis
Student t test or Mann-Whitney U tests were used to compare continuous variables and Fisher exact tests or χ 2 tests for categorical variables. To compare the relationship between the thalamus/basal ganglia ratio, time of MRI, Sarnat grading, and hypothermia, we used multivariable regression analysis. All statistical analyses were performed with SPSS version 21 (SPSS-IBM, Chicago, IL, USA).
Results

Clinical Characteristics and Neurodevelopmental Outcome
Thirty-two infants (58%) were born after January 2008 and treated with hypothermia and 23 infants were not; of these 55 infants, 38 (69%) died, mostly due to redirection of care. Early and later groups did not differ regarding gestational age, birth weight, and Apgar scores, but there were more infants with severe encephalopathy in the early MRI group and mortality was higher (Table 1, online  supplementary Table) . No infant had 2 scans during the first week.
One of the 19 surviving infants had not reached 2 years of age yet and therefore had no outcome data available. Among the remaining 18 infants, 9 infants were treated with hypothermia and 9 with normothermia. The mean cognitive composite score on the BSID-III in the 9 infants treated with hypothermia and tested at 24 months was 93 ± 17, of whom 4 had developed CP. All of the 9 normothermia infants had CP at 2 years of age. One of the 9 normothermia infants was tested with the BSID-III and had a cognitive composite score of 100, 5 were tested with the GMDS and their mean developmental quotient was 85 ± 20. The other 3 infants could not be tested due to their severe disabilities.
Magnetic Resonance Imaging
MRI was performed at a mean age of 3.5 days (SD 1.3). In the early group, the MRI showed an NT injury pattern in 16 infants (55%) compared to 8 (31%) in the later group. A BGT pattern was seen in 13 infants (45%), compared to 18 (69%) in the later group (p = 0.07). None of the infants had a WS pattern (Table 1) .
Basal Ganglia and Thalamus
Visual assessment of the thalami often showed more extensive bilateral lesions on early MRIs (86%) than on later MRIs (38%, Fig. 2 ). Visual assessment of the basal ganglia showed fewer infants with DWI abnormalities of the basal ganglia on early MRIs (59%) than on later MRIs (84%).
When quantitative assessment was performed, abnormal ADC values were shown in 90% of infants in both the thalamus and basal ganglia in the early group. In infants with a late MRI, the percentages of abnormal ADC values were 65 and 88% in the thalamus and basal ganglia, respectively. Comparison between Assessments in BGT There were significant differences between qualitative and quantitative assessments (Fig. 2) . In the early group, abnormalities in the basal ganglia were recognized visually in 59% of the infants, compared to 90% on quantitative assessment (p = 0.02). For both the early and the later group, the percentages of infants with restricted diffusion in the thalamus on visual assessment (100% early and 73% later) were comparable to using ADC values (90 and 65%, respectively).
ADC Values in Early and Later MRIs
At the earliest time points (days 2 and 3, Fig. 3) , ADC values were lower in the thalamus than in the basal ganglia, but not significantly different at later time points. Median ADC values in all structures were lowest on day 2: 542.5 in the thalamus and 775 × 10 -6 mm 2 /s in the basal ganglia.
Other Lesions
Using visual assessment, the percentage of infants with restricted diffusion in the peduncles, PLIC, and central sulcus tended to be higher in the early MRI group than in the later MRI group (Fig. 2) .
Thalamus/Basal Ganglia Ratio
The thalamus/basal ganglia ADC ratio versus time of the MRI is shown in Figure 4 . Infants with therapeutic hypothermia appeared to have lower ratios than infants with normothermia. There was no infant in the normothermia group with a favorable outcome. Multivariable regression analysis demonstrated that time of MRI after birth (0.0032/h; 95% CI 0.0022-0.0041) and therapeutic hypothermia (-0.11; 95% CI -0.17 to -0.05) were significantly (p < 0.001 for both) associated with the thalamus/ basal ganglia ADC ratio, whereas Sarnat grading was not.
Discussion
In the present study, we assessed the pattern of BGT changes on DWI performed within 7 days after birth in infants with perinatal asphyxia. ADC values were lower in the thalamus than in the basal ganglia, and were increased in both areas during the first week after birth. It has been shown that restricted diffusion corresponds to cytotoxic edema and therefore irreversible lesions with neuronal cell death [19] .
Visual analysis underestimated injury to especially the basal ganglia on the early MRI, which only became apparent when performing ADC measurements. Visual assessment of the thalami and BGT may be more difficult in the NT pattern, because all structures show restricted diffusion. The time course of ADC abnormalities in thalami and basal ganglia was remarkably different. This could be explained in several ways. First of all, there may be a difference in vulnerability between the basal ganglia and thalami. Although the selective vulnerability in thalamus and striatal neurons after hypoxia-ischemia in full-term infants was suggested previously [20] , the difference in vulnerability was not clearly seen on histology [16] . Sec- ondly, the difference might be caused by the spreading of injury along axonal pathways from the cortex to the thalamus and further to the basal ganglia [21] . Thirdly, hypothermia itself reduces ADC values, but the effects are minor compared to the effects of severe hypoxia-ischemia (see below).
MRI is considered the method of choice to assess brain injury in full-term infants with perinatal asphyxia and this technique reliably predicts neurodevelopmental outcome [3, 5, 6, 17] . During the first week after birth, DWI has been shown to be more sensitive than conventional T1-and T2-weighted imaging [8, 9] . As reported previously, DWI may take a few days to reach the full extent of abnormalities [22] . An MRI including DWI is therefore recommended after rewarming (days 4-6) in infants receiving hypothermia [23, 24] . Beyond day 7, pseudonormalization of DWI is likely, and therefore infants examined after day 7 were excluded from the present study.
The abnormalities were mostly extensive in the early MRI group, and more focal in the later MRI group. This could be explained by the difference in severity of encephalopathy, with more infants with severe encephalopathy being scanned early allowing redirection of care in case of severe abnormalities [25] .
The multivariable regression analysis demonstrated that not only time after the insult, but also the use of hypothermia influenced the thalamus/basal ganglia ADC ratios: infants treated with hypothermia had significantly lower ratios. A previous study showed that pseudonormalization of the ADC values of unspecified injured areas took longer in infants with therapeutic hypothermia, compared to normothermic infants, which is in line with our findings [26] .
Hypothermia itself (from 37 ° C to a temperature of 33.5 ° C) may decrease ADC values by 5-7% [27] . Apparently, therapeutic hypothermia applied between 6 (start hypothermia) and 84 h (complete rewarming) after birth has a different effect on ADC values of the thalamus and basal ganglia, since thalamus/basal ganglia ADC ratios are different between hypothermic and normothermic infants both during hypothermia and rewarming.
In our multivariable model, the Sarnat classification did not have a significant effect, possibly because very few patients with Sarnat grade III were part of the later MRI group.
This study shows the importance of measuring ADC values. Especially in infants who are assessed early, the injury to the basal ganglia may be underestimated when only performing visual assessment. Measuring ADC values is easy and can be performed within minutes [10, 17] . Our study has several limitations. The main limitation of our study is that the infants were not scanned serially, and the more severely affected infants were scanned earlier. Early scans may be used in the decision to continue or redirect care [25] . Nevertheless, our cross-sectional findings are comparable to those of Bednarek et al. [26] . Moreover, although infants with Sarnat grade III were scanned earlier, Sarnat grading did not influence the time course of thalamus/basal ganglia ADC ratios in our multivariable analysis. As expected, the number of infants with a favorable outcome in our study was small, since only infants with lesions in the thalamus and basal ganglia were eligible for the study. The study by Rutherford et al. [8] demonstrated no significant ADC change in the BGT during the first week after birth in full-term infants with a good outcome.
In conclusion, using MRI we have demonstrated a difference between the thalami and basal ganglia in a relatively large group of infants with perinatal asphyxia and injury to those areas. The ADC values appeared to be modified by therapeutic hypothermia. When interpreting DWI changes after perinatal asphyxia early in the first week after birth, it is important to be aware that the full extent of abnormalities on visual assessment may not yet have been reached and that ADC values should be measured to assess the full extent of the injury.
